Three types of compact MIMO (Multiple-Input Multiple-Output) antenna systems with four and six elements for mobile handsets are studied in this paper. The MIMO antenna system is built on a FR4 substrate of the dimensions 136 mm × 68.8 mm × 1 mm. The antenna element is a folded planar inverted-F antenna with added resonating branches wound on a small dielectric cube of the dimensions 10 mm × 10 mm × 5 mm, which is the smallest volume so far reported covering the frequency bands 1880 MHz-1920 MHz and 2300 MHz-2620 MHz for GSM1900, LTE2300, 2.4-GHz WLAN, and LTE2500. The effects of element numbers and configurations on the system performance are investigated. More than 10 dB isolations have been achieved by properly designing the antenna elements through the use of the pattern diversity without using decoupling circuits. The envelope correlation coefficients among the elements, the mean effective gains, the efficiencies, and the multiplexing efficiencies of the elements are also discussed.
Introduction
Nowadays, wireless communication technology is developing rapidly with the goals of achieving large channel capacity, high transmission rate, and high reliability. Multiple-input multiple-output (MIMO) arrays have been recognized as a key technology to reach the goals. In a multiple channel environment, the MIMO system can increase the transmission rate and channel capacity without sacrificing additional frequency spectrum and transmitted power [1] , and a MIMO antenna system can improve the mobile communication quality when it has good isolation and envelope correlation coefficient (ECC) among its antenna elements simultaneously. Due to the limited space of the mobile terminals, the volume occupied by the antenna elements and the distance between them must be small, which propose major challenges for a MIMO antenna system to realize wideband in frequency, miniaturization in size, and high isolation among the antenna elements [1] [2] [3] . In the existing research articles, the number of antenna elements deployed in the MIMO systems investigated ranges from two to eight with different goals in mind: some of them are primarily for achieving the wide bandwidth [4, 5] ; some for the miniaturization of antenna element size [6, 7] ; and some for the high isolation among antenna elements through a variety of methods [8, 9] . It is rare to see a report that solves all these problems simultaneously.
In MIMO antenna designs, reducing mutual coupling and correlation coefficient between closely packed antenna elements is one of the key challenges. For antenna elements in close proximity, the radiated energy from one element can be delivered to other elements through near field coupling or conductive coupling (via the common ground plane). As the number of antenna elements increases, the radiation efficiency of some antenna elements may drop quickly due to the mutual coupling [10] . For this reason, a number of methods have been developed for improving the isolation and correlation coefficient between closely packed MIMO antenna elements in small portable handsets. These include etching slots on the ground plane, using electromagnetic band gap (EBG) structures, deploying decoupling or matching networks, introducing parasitic structures, properly placing the antenna elements, changing radiation patterns, and introducing neutralization line [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . Most of these methods would increase the complexity of the system and require considerable design effort.
In this paper, MIMO antenna systems for handset applications with four and six elements for a mobile handheld device of small form factor have been investigated. An attempt is made to achieve good isolation, wide bandwidth and miniaturization simultaneously on a very compact platform, and a FR4 substrate of the dimensions 136 mm × 68.8 mm × 1 mm. The antenna element adopted is the three-dimensional inverted-F antenna with added resonating branches wrapped around a very small dielectric cube of dimensions 10 × 10 × 5 mm 3 , which is the smallest volume so far that covers the required frequency bands for GSM1900, LTE2300, 2.4-GHz WLAN, and LTE2500. The MIMO antenna systems do not involve any decoupling circuits and have achieved a good isolation throughout the whole frequency band by properly designing the antenna elements and using the pattern diversity. The envelope correlation coefficients, the mean effective gains (MEGs), and the multiplexing efficiency are calculated based on the measured data. The results indicate that the envelope correlation coefficient between any two elements of the MIMO antenna is less than 0.5; the maximum gain of the antenna is more than 1 dB; the difference between the mean effective gains of the antenna elements is less than 3 dB.
Design of Four-Element MIMO Antenna System
2.1. Specifications of Antenna System. The unfolded view of the antenna element with detailed dimensions is shown in Figure 1 . The antenna is folded along the dashed lines and is then wrapped around a dielectric cube of relative permittivity 4.4 and loss tangent 0.02. The design introduces several radiating branches, independent of each other to some degree, to control different frequency bands [30, 31] . The branches 1 and 3 are mainly used to control the band 1880-1920 MHz; the slot of the ground (see Figure 3) is part of the antenna and is used to achieve the rest of the frequency bands mentioned above; branch 2 affects both low and high frequencies to some extent. The antenna elements are placed at the four corners of the FR4PCB of the size 136 mm × 68.8 mm × 1 mm with relative permittivity 4.4 and loss tangent 0.02. Figures 2 and 3 show the entire structure of the MIMO antenna system and the ground of the PCB, respectively. Figure 4 is the photograph of the fabricated MIMO antenna system. Figure 5 (e). Note that the measured −10 dB impedance bandwidth covers the required frequency band, and the mutual coupling is lower than −10 dB across the entire frequency band. Due to the symmetry of the arrangement of the antenna elements, only the 1 ( = 1, 2, 3, 4) are plotted.
Figures 6(a) and 6(b) are the current distributions along the controlling branches for 1.9 GHz and 2.35 GHz, respectively.
The ECC and MEGs are important performance criteria to evaluate the MIMO system [32] [33] [34] [35] . The envelop correlation coefficients between antennas and can be calculated by [34] 
where F ( , ) is the field radiation pattern of the antenna system when port is excited and the dot ⋅ denotes the Hermitian product. The field radiation patterns are obtained from the SATIMO Star Lab chamber. The envelope correlation coefficients of the MIMO antenna system are calculated from the measured patterns in two different scenarios, the uniform 3D and the Verizon LTE test plan. The uniform 3D test plan is based on the uniform environment, and the Verizon LTE test plan is based on LTE-A MIMO channel model, as illustrated in Figure 7 [36] [37] [38] . The measured ECCs are shown in Figure 8 . It can be seen that the ECCs are lower than 0.1 in both scenarios.
The simulated and measured radiation patterns in the -plane and -plane for the antenna element are shown in Figure 9 . The radiation patterns are obtained under the condition that one element is excited while the others are terminated in a matching load. The solid and dashed lines denote the simulated and measured results, respectively. The black and red lines, respectively, represent the and polarized components of the antenna power gain.
The MEG is defined as the ratio of the mean received power to the mean incident power of the antenna. A series of reasonable assumptions may be adopted to simplify the calculation [39, 40] . Based on these approximations, the MEG can be expressed as
where and are the and polarized components of the antenna power gain pattern; Γ is the cross-polarization discrimination (XPD). In this paper, Γ is chosen as 0 dB and 6 dB [42, 43] , which are the average values, respectively, for an indoor (0 dB) and an urban (6 dB) fading environment. The MEGs are listed in Table 1 and are obtained from the measured data. Due to the symmetry, the MEGs of four elements are almost the same at the same frequency.
The efficiencies of the antenna elements measured at two typical frequencies are shown in Table 2 . The efficiencies are obtained from the SATIMO Star Lab chamber. Note that the efficiency is lower at the GSM1900 than other bands due to the absorption of the adjacent elements. The multiplexing efficiency is defined as [44] [45] [46] 
where ,0 and denote the required power for achieving the same capacity performance with the reference antenna and the MIMO AUT [44] . For high SNRs, mux can be obtained as [45] ̃m
where and 0 are the receive correlation matrices when using the MIMO AUT and the reference antenna in the same propagation channel; denote the number of the antenna elements. The multiplexing efficiencies with the uniform 3D scenario are evaluated as shown in Table 2 .
Design of Six-Element MIMO Antenna System
In a MIMO system, increasing the number of antenna elements can enhance the channel capacity and the data Frequency (GHz)
1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 Frequency (GHz) transmission rate, and the performance of the system can be improved accordingly. Now the number of antenna elements is increased from four to six and two different arrangements will be examined. The first one is shown in Figure 10 340  40  50  60  70  80  90  100  110  120  130  140  150  160  170  180  190  200  210  220  230   240   250   260   270   280   290   300   310   320  330  350  340  0  0  10  10  20  20  30  30  40  50  60  70  80  90  100  110  120  130  140  150  160  170  180  190  200  210  220 −10 dB and cannot meet the practical requirement. From simulation, we find that the radiation intensity of antennas 3 and 4 is very strong along the negative direction of theaxis. As a result, the radiated energy from antennas 3 and 4 is coupled to antenna 6 and 5, respectively. For this reason, we rearrange the antenna elements so that they are rotationally symmetric about -axis to reduce the mutual coupling due to the radiation, as illustrated in Figure 10 50  60  70  80  90  100  110  120  130  140  150  160  170  180  190  200  210  220   230   240   250   260   270   280   290   300   310   320  330  350  340  0 10 20 30 40   50  60  70  80  90  100  110  120  130  140  150  160  170  180  190  200  210  220 50  60  70  80  90  100  110  120  130  140  150  160  170  180  190  200  210  220  230   240   250   260   270   280   290   300   310  320  330  350  340  0 10 20 30   40  50  60  70  80  90  100  110  120  130  140  150  160  170  180  190  200  210  220  230   240   250   260   270   280   290   300   310  320  330  350   340  0 10 20 30 40   50  60  70  80  90  100  110  120  130  140  150  160  170  180  190  200  210  220  230   240   250   260   270   280   290   300   310  320  330  350  340  0 10 20 30 40   50  60  70  80  90  100  110  120  130  140  150  160  170  180  190  200  210  220 50  60  70  80  90  100  110  120  130  140  150  160  170  180  190  200  210  220  230   240   250   260   270   280   290   300   310   320  330   350  340  0 10 20 30 40   50  60  70  80  90  100  110  120  130  140  150  160  170  180  190  200  210  220 Antenna 5 (2.6 GHz) the photograph of the fabricated system of Figure 10 (b). In this case, all -parameters meet the practical requirements as indicated by Figure 12(b) . Figure 13 shows the envelope correlation coefficients for the MIMO system rotationally symmetric about -axis. Two scenarios have also been considered. Figure 14 shows the simulated and measured radiation patterns of antennas 1, 2, and 5 at 1.9 GHz and 2.6 GHz. The Table 3 : Mean effective gains of the antennas. mean effective gain of each antenna element can be calculated according to the measured radiation pattern and (2) (see Table 3 ). Table 4 is the measured efficiencies of the antenna elements and the multiplexing efficiencies. As the second arrangement, we move the two middle antenna elements along the long sides to middle position of the short sides, as shown in Figure 15 . This arrangement may reduce the influence of human hands on the antennas. Figure 16 shows the measured -parameters. It is noted that all the isolations are less than −10 dB. Figure 17 is the photograph of the fabricated MIMO system. Figure 18 shows the envelope correlation coefficients of antennas 1, 2, and 3 in two scenarios, which are less than 0.16 across the frequency bands. The radiation patterns of the antenna elements at 1.9 GHz and 2.6 GHz are shown in Figure 19 , from which the MEGs of the antenna elements can be obtained and are listed in Table 5 . The efficiencies are measured at two frequencies shown in Table 6 . Note that the lowest efficiency is about the same with [47] , which has only two elements. Also note that the efficiencies for the second arrangement are generally lower than those for the first arrangement due to the fact that the antenna elements are closer to each other and the power absorption by adjacent elements increases. The multiplexing efficiencies are also shown in Table 6 . Compared with the four-element MIMO arrays, the performances of the six-element MIMO arrays are also acceptable, which implies that a higher capacity can be achieved with more antenna elements. The impact of human body is also an important factor to be considered in the design of handheld devices and have been discussed by many authors (e.g., [48] ). In general, the human body will affect various aspects of the performances of the MIMO system, especially degrading the efficiencies of the system.
Conclusion
Three kinds of MIMO antenna systems for mobile handheld devices have been investigated in this paper, which are compact in size and cover GSM1900, LTE2300, LTE2500, and WLAN 2.4-GHz for the 5G handset application. The three MIMO systems, all built on a FR4 PCB of small form factor with the size 136 mm × 68. 40  50  60  70  80  90  100  110  120  130  140  150  160  170  180  190  200  210  220   230   240   250   260   270   280   290   300   310   320  330  340  340  350  0 10 20 30 40   50  60  70  80  90  100  110  120  130  140  150  160  170  180  190  200  210  220 40  50  60  70  80  90  100  110  120  130  140  150  160  170  180  190  200  210  220  230   240   250   260   270   280   290   300   310   320  330   350  340  0 10 20 30   40  50  60  70  80  90  100  110  120  130  140  150  160  170  180  190  200  210  220  230   240   250   260   270   280   290   300   310   320  330  350   340  0 10 20 30   40  50  60  70  80  90  100  110  120  130  140  150  160  170  180  190  200  210  220  230   240   250   260   270   280   290   300   310   320  330  350  340  0 10 20 30   40  50  60  70  80  90  100  110  120  130  140  150  160  170  180  190  200  210  220 40  50  60  70  80  90  100  110  120  130  140  150  160  170  180  190  200  210  220  230   240   250   260   270   280   290   300   310   320  330   350  340  0 10 20 30   40  50  60  70  80  90  100  110  120  130  140  150  160  170  180  190  200  210  220 wound on a dielectric cube of the size 10 mm × 10 mm × 5 mm (the smallest volume occupied by the antenna that has been reported so far) with relative permittivity 4.4. Different configurations of antenna elements have been examined. The pattern diversity has been used in all our designs and the isolations are higher than 10 dB without using any decoupling circuits. The ECCs are very small according to the measured data, and the MEGs meet the design requirements that the difference of MEGs between elements must be less than 3 dB. The effects of different element number on the performance are discussed. It reveals that the antenna efficiencies depend on the number of antenna elements as well as the separation between them. The antenna efficiency will degrade if the number of elements increases or if the separation between them decreases. These seem to be the big challenges for the design of MIMO system packed in a small space.
